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Apoptosis is a mechanism for
removing damaged or unwanted
cells from the tissues of
multicellular organisms. As well as
the well-characterized destruction
of the cell’s replicative apparatus,
apoptosis also induces changes
on the cell surface that allow the
cell to be recognized, engulfed
and digested by surrounding cells.
The engulfment process and the
signaling pathways involved in the
engulfing cell appear to be
unique, complex and highly
conserved. By integrating studies
in both mammalian cells and
Caenorhabditis elegans, deBakker
et al. [1] in a recent issue of
Current Biology have now added
two new pieces to this puzzle by
showing both upstream and
downstream participation of
members of the Rho family of low
molecular weight GTPases in the
engulfment signaling
pathways (Figure 1).
From earlier genetic studies in
C. elegans, two signaling
pathways were identified that lead
to apoptotic cell engulfment (often
called corpse removal in the
nematode system). Mammalian
counterparts of most of the
nematode genes characterized in
this way have now been isolated
and a key step in the uptake
through one of the two pathways
involves a trimolecular complex of
ELMO with CrkII and DOCK180
(known as CED-12, CED-2 and
CED-5 in the worm). Assembly of
this complex has been shown to
activate the guanine nucleotide
exchange activity of DOCK180 for
Rac (CED-10) [2,3], which in turn
appears to be a key initiating step
in the cytoskeletal alterations
involved in uptake [4–6]. 
ELMO/CED-12 is a key adaptor
protein mediating the assembly of
the complex, but its upstream
regulators or activators had not
been characterized. Since the
carboxy-terminal domain of ELMO
was the portion involved in the
interaction with DOCK180, Rac
activation and probably
association with the plasma
membrane, deBakker et al. [1]
focused their attention on the
amino-terminal region and, in
particular, on a number of
Armadillo (ARM) repeats that
appeared to be conserved in both
worm and mammal. In
overexpression systems, these
repeats were shown to be
necessary for engulfment and for
binding to another member of the
Rho-family of GTPases, RhoG,
which became associated with
the trimolecular complex, and
indeed appeared to be necessary
for its assembly and activation. As
the molecule TRIO had already
been identified as a guanine
exchange factor (GEF) for RhoG, it
too was examined and shown to
be required for assembly and
activation of the trimolecular
complex and for engulfment.
These studies in mammalian
systems are highly suggestive of
an involvement of RhoG and TRIO
in this pathway, but were carried
out in fibroblasts using
overexpression and biochemical
approaches. Given that the roles
of Rho-family GTPases are tightly
balanced and depend significantly
on their concentration and
localization as well as multiple
regulatory factors, additional
experimental approaches were
required to validate the effects.
Here the strength of this study
comes to the fore: the
observations of a requirement for
ARM domains in CED-12, the role
of TRIO and RhoG, and the
placement of RhoG and TRIO in
the signaling pathway were also
clearly shown in C. elegans. The
nematode equivalent of TRIO had
previously been identified as
UNC-73 and the RhoG homolog
was here shown as MIG-2.
Importantly, while deficiency of
either UNC-73 or MIG-2 enhanced
the defect in corpse clearance
seen with CED-12 deficiency,
deficiency of either protein in a
wild-type background did not
affect clearance, raising a number
of intriguing issues.
It has long been noteworthy that
genetic studies of corpse
clearance deficiencies in C.
elegans largely identified genes
and molecules within putative
signaling pathways for clearance,
rather than receptors for surface
changes on the apoptotic cells.
However, a host of potential
recognition molecules leading to
tethering of apoptotic cells to the
engulfing cell and/or signaling for
uptake have been implicated in
mammalian systems along with an
equally redundant set of soluble
bridge molecules that can
recognize structures on both the
apoptotic and engulfing cell.
deBakker et al. [1] suggest that the
non-dominant effect of UNC-73 or
MIG-2 deficiency may relate to this
redundancy and raise the likely
possibility that more than one
receptor and upstream signaling
sequence can lead to CED-
5/DOCK180-mediated activation
of CED-10/Rac. In mammals,
evidence supports an essential
role for Rac, but again, in general,
from overexpression systems
[4–6]. However, a recent
opportunity to examine apoptotic
cell uptake by macrophages
deficient in Rac1 (or Rac2) showed
no uptake by the Rac1-deficient
cells (S.J. Gardai, G.P. Downey, M.
Glogauer, R.W. Vandivier, P.M.H.,
our unpublished observations),
supporting this contention. A
comment in the paper from
deBakker et al. [1] suggests that,
in C. elegans as well, the two
signaling pathways for uptake do
converge on the Rac equivalent,
CED-10, although the experiments
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Apoptotic cells are removed from tissues by uptake mechanisms that
depend on the GTPase Rac (CED-10 in C. elegans), which is activated
by DOCK180/CED-5 in a trimolecular complex with ELMO/CED-12 and
CrkII/CED-2. A study now identifies upstream components of this
pathway in both worms and mammalian cells involving yet another
GTPase, RhoG/MIG-2, and its activator TRIO/UNC-73.
are hampered by the lethality of a
complete CED-10 deficiency. Firm
evidence for an essential role for
Rac in both engulfment pathways
would enhance the high level of
conservation in the signaling and
also make mechanistic sense in
understanding the physical
engulfment process involved.
We have suggested that
engulfment represents a form of
stimulated macropinocytosis,
which involves induction of
massive membrane ruffling and
concurrent ingestion of
extracellular fluid into a spacious
phagosome [4]. In keeping with
this, deBakker et al. [1] showed
that co-expression of ELMO and
DOCK180 induced membrane
ruffling and formation of
lamellipodia with localization of
both proteins to these sites, but
not if the ARM repeats of ELMO
were mutated to prevent
interaction with RhoG. CED-12 has
also been implicated in migration
of distal tip cells during gonadal
development in C. elegans [7,8]
and, as expected, deBakker et al.
[1] found that the ARM repeats
were required, along with the
RhoG homolog MIG-2, for distal
tip cell migration. A preliminary
experiment took these
observations into the mammalian
system to show enhanced
migration of fibroblasts in vitro
when RhoG was overexpressed, in
a manner that required the ability
of ELMO to ‘activate’ DOCK180.
The similarity between the need to
assemble a large ruffle to engulf
an apoptotic cell (in mammalian
systems the process can lead to
ingestion of intact cells over 20 µm
in diameter) and the extension of
lamellipodia in migration has been
noted previously and is intriguing.
Whether these signaling pathways
can be extended to other
migratory processes is certainly
open to further investigation, and
might be consistent with the highly
conserved nature of both
functions. However, it is clear,
even from the studies discussed
above, that apoptotic cell
clearance, a process we have
called efferocytosis [9] (from the
Latin effero, to carry to the grave
or to bury), is highly regulated,
mediated by numerous recognition
ligands and their cognate
receptors and by redundant, but
probably interacting, signaling
pathways. A key next step will be
to link the candidate receptors to
the signal systems, of which this
ELMO–DOCK180 pathway is by far
the best characterized to date.
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Figure 1. Scheme for DOCK180/CED-5 signaling pathways in uptake of apoptotic cells
with comparison between C. elegans and mammalian systems.
The proximal involvement of TRIO/UNC-73 and RhoG/MIG-2 are indicated. The specific
receptors on the engulfing cell that tie into this signaling pathway are less well charac-
terized — there are perhaps too many candidates in mammals and too few, so far, in
the nematode. The suggestion of redundant links from receptors to DOCK180/CED-5
comes from the inability of defective UNC-73 or MIG-2 by themselves to block corpse
clearance but only to do so in the presence of partially inactive CED-12.
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